Introduction
============

Pancreatic cancer is frequently fatal, with a generally poor prognosis ([@b1-etm-0-0-8554]). Pancreatic adenocarcinoma (PAAD) is the most common subtype of pancreatic cancer in humans and is responsible for \>85% of pancreatic cancer cases ([@b2-etm-0-0-8554]). It is projected to become the second leading cause of cancer-associated death in Western societies within a decade ([@b3-etm-0-0-8554]). Its dismal prognosis is due to rapid disease progression and early metastasis, leading to late diagnosis and a high level of resistance to treatment ([@b4-etm-0-0-8554]). Growing evidence has revealed a relatively complex underlying mechanism of the disease in terms of development and progression, including the interaction between epigenomic and genomic alterations ([@b5-etm-0-0-8554]). Despite the understanding of aberrant gene networks gained from previous studies, the epigenomic interactions in PAAD remain to be fully elucidated ([@b6-etm-0-0-8554]).

At present, the genetic and phenotypic changes associated with the pathogenesis of pancreatic cancer are increasingly attracting attention ([@b7-etm-0-0-8554]). As an epigenetic modification, DNA methylation is critical for maintaining genomic and chromosomal structural stability, gene imprinting and gene silencing ([@b8-etm-0-0-8554]). DNA methylation appears primarily on cytosine residues in CpG sites, which exist throughout the genome. Areas with abundant CpG sites are called CpG islands. Altered DNA methylation is linked to the initiation and progression of various types of cancer, and high levels of methylation in CpG islands and promoter regions may lead to transcriptional silencing of tumor suppressor genes ([@b8-etm-0-0-8554]). By contrast, hypomethylation may lead to overexpression of oncogenes and genomic instability.

High-throughput methods have been used to assess the epigenetic changes associated with the development and progression of PAAD ([@b11-etm-0-0-8554]). Studies have indicated that a variety of genes in pancreatic cancer, including Ras association domain family 1 isoform A (RASSF1A), p16, suppressor of cytokine signalling 1 (SOCS-1) and neuronal pentraxin 2 (NPTX2), are abnormally methylated and are critical for the pathogenesis of pancreatic cancer ([@b12-etm-0-0-8554]). However, a large number of statistically significant methylation events identified by high-throughput screening have no association with gene expression changes. A high-throughput method is required to integrate data across multiple platforms to determine the epigenetic events that are most likely to be associated with PAAD.

The Cancer Genome Atlas (TCGA) indicates a significant diversity of genetic and epigenetic variations in PAAD ([@b15-etm-0-0-8554]). Numerous platforms used in the TCGA database enable the analysis of data integrated from multiple sources to identify specific abnormalities that are most likely to result in a carcinogenic process. However, no integrated DNA methylation and transcriptome data are available and it is currently not possible to identify DNA methylation-driven genes in PAAD. MethylMix is a method of applying three criteria to identify methylation-driven genes in diseases by integrating DNA methylation and transcriptome data ([@b16-etm-0-0-8554]). First, the determination of the degree of methylation should not depend on any threshold that is normally used. Furthermore, the hypermethylation or hypomethylation of a gene in cancer must be evaluated in comparison with normal tissue. Finally, the identification of highly methylated or hypomethylated genes should be selective for those with predicted effects on transcription, meaning that their methylation is functionally associated.

Despite the improvement in the ability to diagnose PAAD over time, it remains difficult to differentiate malignant tumors from benign disease. Endoscopic ultrasound-fine-needle aspiration provides a tissue sample for cytological studies, thereby helping resolve this issue; however, an improper biopsy reduces the diagnostic value ([@b17-etm-0-0-8554]). Adjuvant tests may be performed to screen for biomarkers in tissue samples to reduce the requirement for biopsy. DNA methylation is currently being assessed as a biomarker. Epigenetic changes do not lead to DNA sequence mutations, but they serve as causal links between genes and phenotypes. DNA methylation is one epigenetic mechanism ([@b18-etm-0-0-8554]). Epigenetic changes may activate or suppress numerous signaling pathways, thereby causing cancer. Epigenetic changes may occur in the early development stage of tumors; thus, they may serve as biomarkers that may be able to help identify and prevent cancer in the early stage ([@b19-etm-0-0-8554]). As PAAD-specific biomarkers with high diagnostic value are not sufficient, the identification of PAAD-specific DNA methylation markers with high specificity and sensitivity will help further enhance the ability of clinicians to diagnose PAAD.

PAAD is a painful and potentially fatal disease that is an important health concern and poses numerous therapeutic challenges. The significance of DNA methylation in the development of PAAD is gaining attention. However, to date, no comprehensive analysis of DNA methylation and transcriptome data has been performed to identify DNA methylation-driven genes in PAAD. Therefore, identifying DNA methylation-driven genes and investigating the mechanisms underlying the tumorigenesis of PAAD are of substantial importance to treatment planning and prognostic prediction for PAAD. The present study reports on the analysis of large-scale methylation data using Inﬁnium 450 k methylation arrays (Illumina) and expression proﬁles using RNA sequencing. A total of 7 DNA methylation-driven genes were identified, all of which may serve as important markers for the diagnosis of PAAD. Furthermore, 6 of them were associated with cancer recurrence and patient survival. These DNA methylation-driven genes are critical for elucidating PAAD progression and may serve as future therapeutic biomarkers.

Materials and methods
=====================

### Screening for differentially expressed genes (DEGs)

In total, 188 DNA methylation profiles (178 PAAD samples together with 10 non-tumor samples), 182 RNA-sequencing (RNA-seq) profiles (178 PAAD samples together with 4 non-tumor samples), and the associated clinical PAAD data were downloaded from the TCGA database (https://portal.gdc.cancer.gov/) ([Table SI](#SDI-etm-0-0-8554){ref-type="supplementary-material"}). Of the 178 patients with PAAD, 178 patients had overall survival (OS) data and 155 patients had recurrence-free survival (RFS) data. To screen for the DEGs between normal pancreatic tissue and PAAD, the 'edgeR' package in R was used ([@b20-etm-0-0-8554]) England. A false discovery rate (FDR)\<0.05 and a \|log~2~ fold change (FC)\|\>2 were defined as the cut-off criteria to select genes for further analysis.

### Integrated analysis of DNA methylation and gene expression

Level 3 DNA methylation data and clinical information, including time of death, follow-up time and status of PAAD, were downloaded from TCGA database on August 1, 2018. An analysis combining gene expression (RNA-seq) data and methylation data was performed using the 'MethylMix' package in R to identify DNA methylation-driven genes ([@b16-etm-0-0-8554]). MethylMix is a program designed to identify methylation events associated with gene expression ([@b16-etm-0-0-8554]). MethylMix requires three datasets: Disease DNA methylation data, matched disease gene expression data and normal DNA methylation data. The MethylMix analysis has three parts: First, disease DNA methylation data are combined with the matched disease gene expression data to identify the methylation events leading to changes in gene expression, and only genes that pass the correlation filter are selected for further analysis; second, a beta mixed model is used to define the methylation state in a large number of patients, eliminating the need for any threshold; and third, the Wilcoxon rank sum test is used to compare the DNA methylation statuses between normal samples and cancer samples. Multiple testing is calculated using a q cutoff of 0.05. The final result is a differential methylation (DM) value, where a positive DM value represents a high degree of methylation and a negative DM value represents a low degree of methylation.

### Receiver operating characteristic (ROC) analyses

For the assessment of the diagnostic values of DNA methylation-driven genes in PAAD, ROC analyses were performed using the 'pROC' package in R. The ROC curve was generated and the area under the curve (AUC) with the binomial exact confidence interval was calculated. For AUC values \>0.7, the hub gene was deemed able to distinguish between normal pancreatic tissue and PAAD with excellent specificity and sensitivity.

### Survival analysis

For the survival analysis, 178 patients with DNA methylation data and OS data were dichotomized into two groups (high vs. low) based on the optimal cutoff value for each DNA methylation-driven gene. Subsequently, the 'survival' package in R was adopted to generate the Kaplan-Meier survival curve and perform the log-rank test. Multivariate Cox regression analyses were then performed to investigate whether the prognostic value of the gene was independent of TNM stage.

### Recurrence analysis

The correlation between the 7 DNA methylation-driven genes and recurrence may provide a preliminary indication of the role of these genes in the prognostic prediction and the aspects of PAAD involved. In the recurrence analysis, 155 patients with DNA methylation data and RFS data were dichotomized into two groups (high vs. low) based on the optimal cutoff value for each DNA methylation-driven gene. Recurrence analysis was performed as described above.

### Gene set enrichment analysis (GSEA)

For the GSEA, 178 PAAD samples with DNA methylation data were divided into two groups (high vs. low) according to the DNA methylation level of each DNA methylation-driven gene and the median DNA methylation value was used as the cut-off point. To gain insight into the function of each DNA methylation-driven gene, GSEA (version 3.0; <http://software.broadinstitute.org/gsea/index.jsp>) was performed with these two groups. The annotated gene sets c2.cp.kegg.v5.2.symbols.gmt were selected as the reference gene sets. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### DEGs in PAAD

The RNA expression levels in 178 PAAD tissues and 4 normal tissues were analyzed. Genes meeting the cut-off criteria of a corrected P\<0.05 and \|log~2~FC\|\>2 were regarded as differentially expressed. Thereby, 814 (65.92%) downregulated genes and 30 (34.08%) upregulated genes were identified.

### Identification of DNA methylation-driven genes

DNA methylation data for 10 normal tissues and 178 PAADs and gene expression data for the DEGs identified in the 178 PAADs were included in the analysis. Thresholds of a corrected P-value for differential expression between normal tissues and PAAD of \<0.05 and a correlation between gene expression and DNA methylation of \<-0.3 were used. A total of 7 DNA methylation-driven genes, namely zinc finger protein 208 (ZNF208), eomesodermin (EOMES), prostaglandin D2 receptor (PTGDR), chromosome 12 open reading frame 42 (C12orf42), integrin subunit α 4 (ITGA4), dedicator of cytokinesis 8 (DOCK8) and protein phosphatase 1 regulatory inhibitor subunit 14D (PPP1R14D), were identified ([Table SII](#SDII-etm-0-0-8554){ref-type="supplementary-material"}). Of these genes, ZNF208, EOMES, PTGDR, C12orf42, ITGA4 and DOCK8 were hypermethylated, while PPP1R14D was hypomethylated ([Fig. 1](#f1-etm-0-0-8554){ref-type="fig"}; [Table SII](#SDII-etm-0-0-8554){ref-type="supplementary-material"}). [Fig. 2](#f2-etm-0-0-8554){ref-type="fig"} displays the inverse correlation between DNA methylation and the matched gene expression of the 7 methylation-driven genes.

### Diagnostic efficiency of DNA methylation-driven genes

To assess the diagnostic ability of the 7 DNA methylation-driven genes in the TCGA dataset, ROC curve analyses were performed and calculate the AUCs. The AUCs of ZNF208 (0.918), EOMES (0.840), PTGDR (0.903), C12orf42 (0.918), ITGA4 (0.876), DOCK8 (0.903) and PPP1R14D (0.888) were all \>0.8, indicating that the 7 DNA methylation-driven genes, particularly ZNF208, PTGDR, C12orf42 and DOCK8, exhibited excellent diagnostic efficiency for PAAD ([Fig. 3](#f3-etm-0-0-8554){ref-type="fig"}). For the diagnosis of PAAD, the sensitivity and specificity of ZNF208 were 88.6 and 90.0%, respectively; those of PTGDR were 83.8 and 90.0%, respectively; those of C12orf42 were 89.7 and 90.0%, respectively; and the sensitivity and specificity of DOCK8 were 78.4 and 90.0%, respectively.

### Survival prediction using the DNA methylation-driven genes

For the analysis of the potential usefulness of DNA methylation-driven genes for the prognostic prediction for PAAD, Kaplan-Meier survival curves were generated and log-rank tests were performed for each of the DNA methylation-driven genes. In total, 176 patients with clinical data, including OS and survival status, were divided into high and low DNA methylation status groups with respect to the 7 DNA methylation-driven genes according to their respective optimal cutoffs based on the 'surv_cutpoint' function of the 'survminer' R package. Finally, 5 DNA methylation-driven genes (ZNF208, EOMES, PTGDR, C12orf42 and ITGA4) were considered to be significantly negatively associated with the survival time of patients with PAAD (P\<0.05 by log-rank test), while PPP1R14D was considered to be significantly positively associated with the survival time of PAAD patients (P\<0.01 by log-rank test) ([Fig. 4](#f4-etm-0-0-8554){ref-type="fig"}; [Table SIII](#SDIII-etm-0-0-8554){ref-type="supplementary-material"}). However, DOCK8 was not significantly associated with the OS of patients with PAAD ([Table SIII](#SDIII-etm-0-0-8554){ref-type="supplementary-material"}). To determine whether these genes were independent of the TNM stage with regard to the prediction of the prognosis of patients with PAAD, a multivariate analysis was performed for each gene. Multivariate Cox regression analysis revealed that after adjusting for TNM stage, C12orf42 \[P=0.012, hazard ratio (HR): 3.304, 95% CI: 1.302-8.383\], PPP1R14D (P=0.021, HR: 0.189, 95% CI: 0.046-0.774), EOMES (P=0.024, HR: 1.744, 95% CI: 1.075-2.830), ZNF208 (P=0.006, HR: 1.885, 95% CI: 1.202-2.954) and ITGA4 (P=0.012, HR: 3.304, 95% CI: 1.302-8.383) were still significantly associated with OS, indicating that C12orf42, PPP1R14D, EOMES, ZNF208 and ZGA4 are independent of the TNM stage. However, as the number of patients was relatively small, PTGDR did not achieve statistical significance (P=0.083, HR: 2.050, 95% CI: 0.910-4.617).

### Recurrence prediction using DNA methylation-driven genes

To explore the association between the 7 identified DNA methylation-driven genes and the recurrence rate of PAAD, the cumulative recurrence rates associated with the 7 DNA methylation-driven genes in patients with PAAD were investigated using Kaplan-Meier curve analysis. In total, 154 patients with clinical data, including RFS and relapse status, were divided into high and low DNA methylation status groups with respect to the methylation status of each of the 7 DNA methylation-driven genes according to their respective optimal cutoffs based on the 'surv_cutpoint' function of the 'survminer' R package. Of the 7 DNA methylation-driven genes, 6 exhibited an obvious association with the recurrence rate based on their respective optimal cut-offs. A total of five DNA methylation-driven genes (ZNF208, EOMES, PTGDR, C12orf42 and ITGA4) were positively associated with the recurrence rate, while PPP1R14D was negatively associated with the recurrence rate (log-rank P\<0.05) ([Fig. 5](#f5-etm-0-0-8554){ref-type="fig"}; [Table SIV](#SDIV-etm-0-0-8554){ref-type="supplementary-material"}). However, DOCK8 did not have a significant correlation with the recurrence rate of PAAD ([Table SIV](#SDIV-etm-0-0-8554){ref-type="supplementary-material"}). This result is consistent with the result of the OS analysis. To determine whether these genes were predictors of RFS independent of the TNM stage, a multivariate analysis was performed for each gene. The multivariate Cox regression analyses revealed that after adjusting for TNM stage, PTGDR (P=0.031, HR: 4.966, 95% CI: 1.159-21.271), EOMES (P=0.002, HR: 2.298, 95% CI: 1.346-3.922), ZNF208 (P=0.045, HR: 4.474, 95% CI: 1.035-19.345) and ITGA4 (P=0.003, HR: 2.244, 95% CI: 1.317-3.822) were still significantly associated with RFS, indicating that PTGDR, EOMES, ZNF208 and ITGA4 were predictors of RFS independent of the TNM stage. However, as the number of patients was small, no significant association was obtained for C12orf42 (P=0.056, HR: 3.329, 95% CI: 0.970-11.424) and PPP1R14D (P=0.076, HR: 0.612, 95% CI: 0.355-1.053), although the results almost reached statistical significance.

### Validation of the gene expression of the 7 DNA methylation-driven genes

In the TCGA PAAD cohort (178 PAAD tissues and 4 normal tissues), EOMES (P\<0.001), C12orf42 (P\<0.001), ITGA4 (P\<0.001), DOCK8 (P\<0.001), PTGDR (P\<0.001), ZNF208 (P\<0.001) and PPP1R14D (P\<0.001) were significantly differentially expressed between PAAD tissues and normal tissues. To verify these results, the expression levels of the 7 DNA methylation-driven genes were assessed in the GSE15471 PAAD cohort (35 PAAD tissues and 35 normal tissues). Consistent with the results of the initial analysis, the mean expression levels of EOMES (P=0.024), C12orf42 (P=0.002), ITGA4 (P\<0.001) and DOCK8 (P\<0.001) were significantly differentially expressed between PAAD tissues and normal tissues according to the analysis with the limma package in R. However, the differences in expression levels of PTGDR (P=0.160), ZNF208 (P=0.178) and PPP1R14D (P=0.222) did not reach statistical significance. In addition, the expression of PTGDR, ZNF208 and PPP1R14D was also verified in a larger dataset (GSE28735 PAAD cohort, including 45 PAAD tissues and 45 normal tissues), and the results indicated that PPP1R14D (P=0.027) and ZNF208 (P=0.033), but not PTGDR (P=0.307), were differentially expressed between PAAD tissues and normal tissues.

### GSEA

To determine the potential function of the 7 DNA methylation-driven genes, a GSEA was performed to map them using the Encyclopedia of Genes and Genomes (KEGG) pathways database. Under the cut-off criterion of P\<0.05, PAAD samples in the high DNA methylation groups for ZNF208, EOMES, PTGDR, C12orf42 and ITGA4 were all most significantly enriched in 'neuroactive ligand receptor interaction' ([Fig. 6](#f6-etm-0-0-8554){ref-type="fig"}; [Table SV](#SDV-etm-0-0-8554){ref-type="supplementary-material"}). PAAD samples in the high DNA methylation group for DOCK8 were most significantly enriched in 'basal cell carcinoma' ([Fig. 6](#f6-etm-0-0-8554){ref-type="fig"}; [Table SV](#SDV-etm-0-0-8554){ref-type="supplementary-material"}). PAAD samples in the high DNA methylation group for PPP1R14D were most significantly enriched in 'glycolysis gluconeogenesis' ([Fig. 6](#f6-etm-0-0-8554){ref-type="fig"}; [Table SV](#SDV-etm-0-0-8554){ref-type="supplementary-material"}).

Discussion
==========

DNA methylation is closely associated with the occurrence and progression of cancer. In general, there are two different states of abnormal DNA methylation, namely hypomethylation and hypermethylation. It is now widely accepted that abnormal DNA hypermethylation in and around the promoter region results in gene silencing, while hypomethylation results in gene activation. DNA analysis of different tumor cells suggested that the probability of gene mutations in cancer cells was lower than expected ([@b21-etm-0-0-8554]). However, at the transcriptional level, up to 5% of known tumor suppressor genes exhibit gene silencing caused by hypermethylation in the promoter region in colorectal cancer, suggesting that abnormal DNA methylation may be more responsible for malignant cell transformation than gene mutations ([@b22-etm-0-0-8554]).

Compared with normal cells, the methylation levels of tumor cell genomes change substantially; tumor cell genomes are characterized by DNA hypomethylation of the whole genome and abnormal hypermethylation of CpG islands in local promoter regions. Numerous studies have already been performed regarding the abnormal DNA methylation of the cancer cell genome, particularly the gene silencing of tumor suppressor genes caused by DNA hypermethylation in pancreatic cancer ([@b23-etm-0-0-8554]). Studies have confirmed that DNA hypermethylation is closely linked to PAAD cells evading apoptosis; obtaining sustained proliferation signals; exhibiting insensitivity to growth inhibition signals, tissue infiltration and metastasis; and obtaining infinite replication potential ([@b23-etm-0-0-8554]). The infinite replication potential of cancer cells is mainly linked to increased telomerase activity. Telomerase solves the problem of terminal end deletion during DNA replication at the transcriptional level ([@b28-etm-0-0-8554]). Normally, telomerase is active only in fertilized eggs and stem cells, while various types of tumor cell have highly active telomerase ([@b28-etm-0-0-8554]). In the present study, 6 DNA methylation-driven genes (ZNF208, EOMES, PTGDR, C12orf42, ITGA4 and DOCK8) were hypermethylated. ZNF208 has been indicated to be associated with leukocyte telomere length (LTL) ([@b29-etm-0-0-8554]). LTL-associated genes affect the cancer risk in adults and increased telomere length is associated with an elevated risk of glioma, melanoma and lung cancer in adults ([@b30-etm-0-0-8554]). In addition, downregulation of the mRNA levels of ZNF208, a key tumor suppressor gene in gastric cancer, may contribute to the extensive dissemination of cancer cells in the abdominal cavity ([@b34-etm-0-0-8554]). The present study indicated that ZNF208 is hypermethylated and has low mRNA expression levels in PAAD compared to normal tissues, which may promote the occurrence and progression of PAAD.

DNA hypomethylation includes DNA hypomethylation of specific proto-oncogenes and DNA hypomethylation of the whole genome. Recent studies have demonstrated that abnormal hypomethylation of specific proto-oncogenes is also critical for the progression and development of pancreatic cancer ([@b35-etm-0-0-8554]). In the present study, PPP1R14D was hypomethylated and had a relatively low mRNA expression in PAAD. In a previous study, PPP1R14D, a metabolic signaling protein, was indicated to be differentially expressed between normal and pathological conditions of the brain associated with diabetes ([@b36-etm-0-0-8554]). Diabetes is considered to be a crucial risk factor for PAAD ([@b37-etm-0-0-8554]). Therefore, PPP1R14D may be involved in the development of PAAD.

Although numerous methods have been developed for the diagnosis of PAAD, each method has its own strengths and weaknesses, and no single method is absolutely superior to the others. The method of choice depends on the resolution and genome coverage requirements, and these two parameters dictate the experimental cost ([@b38-etm-0-0-8554]). For instance, sequencing approaches have the advantage of providing quantitative information with regard to the methylation state of each CpG and allowing for repeated analysis of methylation and rare methylation variants, which cannot be performed via microarrays. Furthermore, it is possible to apply sequencing approaches to analyze the DNA methylation of regions without previous sequence information. However, despite the quickly decreasing cost of large-scale sequencing technologies, these technologies have certain major weaknesses, including library bias, high cost and low availability, as well as data management and analysis difficulties. In addition, methods based on bisulfite conversion and sequencing require a large number of bioinformatics resources for calling bases, aligning sequence and performing the statistical analysis. CpG-specific array technology, including DNA methylation arrays, are alternative options that may be used to determine a genome-wide DNA methylation profile. In comparison to sequencing technologies, DNA methylation arrays are less expensive and allow for profiling of a large number of samples, although the resolution is reduced. DNA methylation assays take less time and are less labor-intensive ([@b39-etm-0-0-8554]).

Advances in the technologies used to detect genome-wide epigenetic alterations greatly assist us in developing biomarkers for early-stage tumor diagnosis ([@b42-etm-0-0-8554]). DNA methylation maintains the genomic structure while controlling gene expression. Aberrant DNA methylation usually occurs in promoter regions of the transcription factors that are involved in the development and proliferative process of cancers ([@b43-etm-0-0-8554]). For instance, hypomethylation of the mesothelin promoter causes mesothelioma ([@b44-etm-0-0-8554]), and hypomethylated Alu and long interspersed element-1 retrotransposons may lead to lung cancer ([@b45-etm-0-0-8554]). However, peritoneal mesothelioma has been indicated to feature DNA hypermethylation ([@b46-etm-0-0-8554]). According to all of these data, DNA methylation is able to perfectly represent and reflect the molecular changes in human tumors in the early stage. Therefore, it may be a useful biomarker facilitating the diagnosis of malignant tumors in the early stage. The present study focused on confirming the validity of highly sensitive biomarkers that may be even more sensitive when used in combination with other biomarkers for the detection of malignancies.

Epigenetic changes due to DNA methylation are one of the important features of the progression of cells to malignancy. Therefore, changes in DNA methylation may be an important facilitator of the early diagnosis of cancer ([@b47-etm-0-0-8554]). Japanese scholars have collected the fluid from normal pancreases and those with cancer and chronic pancreatitis and used quantitative methylation-specific PCR to detect the degree of methylation of 6 genes, including p16 and cyclin D2([@b47-etm-0-0-8554]). Experiments have revealed that, compared with other methods, the measurement of abnormal methylation of specific genes in the pancreatic fluid is able to more accurately identify pancreatic lesions, leading to the effective early detection of pancreatic cancer ([@b47-etm-0-0-8554]). In the present study, the AUCs for distinguishing between normal pancreatic tissue and PAAD for the 7 DNA methylation-driven genes, ZNF208, EOMES, PTGDR, C12orf42, ITGA4, DOCK8 and PPP1R14D, were \>0.8, indicating that the 7 DNA methylation-driven genes exhibited excellent diagnostic efficiency for PAAD.

Unlike genetic mutations, epigenetic changes are mostly reversible. Therefore, targeting epigenetic changes in cells using methylation-associated drugs to alter the methylation status may become a novel treatment for malignant tumors. At present, there are mainly two types of reversal method: One is the use of an antisense oligonucleotide, which is able to inhibit DNA methyltransferase activity, leading to expression of the methylated gene, and the second is the use of a cytidine analog that may covalently bind to DNA methylase, reducing the biological activity of the enzyme, thereby activating genes that are inactivated by methylation ([@b48-etm-0-0-8554]). At present, the more commonly used cytidine analogs include 5-azacytidine and decitabine. Studies on different pancreatic cancer cell lines cultured *in vitro* confirmed that 5-azacytidine changes the methylation status of the tumor cell genome through demethylation, thereby inhibiting tumor cell proliferation and promoting apoptosis ([@b48-etm-0-0-8554]). In clinical trials, studies on myelodysplastic syndromes and acute myeloid leukemia have indicated that 5-azacytidine is able to increase complete response rates by 10-17% and prolong patient survival ([@b49-etm-0-0-8554],[@b50-etm-0-0-8554]). In the present study, 6 of the 7 DNA methylation-driven genes identified were significantly associated with OS and the RFS. Five DNA methylation-driven genes (ZNF208, EOMES, PTGDR, C12orf42 and ITGA4) were significantly negatively associated with the OS time and positively associated with the recurrence rate. PPP1R14D was significantly positively associated with the OS time and negatively associated with the recurrence rate. These genes are likely to become novel molecular targets in pancreatic cancer treatments aimed at correcting abnormal DNA methylation to prevent or even reverse cell cancerization.

The 7 DNA methylation-driven genes (ZNF208, EOMES, PTGDR, C12orf42, ITGA4, DOCK8 and PPP1R14D) identified in the present study were previously reported to be associated with other cancer types. ZNF208 acts as a family member of ZNF proteins that contain Kruppel-associated box domains, which may participate in transcriptional regulation ([@b51-etm-0-0-8554]). In a study by Hirbe *et al* ([@b51-etm-0-0-8554]), immunohistochemistry helped detect ZNF208 protein expression in metastatic tumors. In addition, very large genome-wide association studies (GWAS) have identified an association between ZNF208 and interindividual variation in LTL ([@b52-etm-0-0-8554]). A recently performed Mendelian randomization study demonstrated the impact of single nucleotide polymorphisms (SNPs) associated with LTL on adult cancer risk and further indicated that the genetic predisposition to increased telomere length may increase the risk of lung cancer, melanoma and glioma in adults ([@b52-etm-0-0-8554]).

The expression of EOMES has been reported to be negatively associated with tumor-infiltrating lymphocyte (TIL) function in non-small cell lung cancers (NSCLCs) in the early stage, suggesting that the functionality of TILs associated with early-stage NSCLCs may be influenced by an exhaustion program marked by EOMES expression ([@b53-etm-0-0-8554]). Chang *et al* ([@b54-etm-0-0-8554]) indicated that PTGDR was hypermethylated in endometrial cancer and ovarian cancer tissues. Przybylski *et al* ([@b55-etm-0-0-8554]) identified a novel type of chromosomal translocation, t(12;14)(q23; q11.2), in T-lymphoblastic lymphoma between T-cell receptor delta-deleting elements (T-cell receptor delta recombining element and T cell receptor alpha joining 61) and the hypothetical gene C12orf42. In a recently performed melanoma GWAS meta-analysis (involving 12,874 cases and 23,203 controls), SNPs near DOCK8 reached global significance ([@b56-etm-0-0-8554]). Morandi *et al* ([@b57-etm-0-0-8554]) reported that ITGA4 was hypermethylated in oral squamous cell carcinoma but not in samples from normal healthy donors. With regard to PPP1R14D, the Pearson correlation between the CpG sites with different methylation levels and the gene expression values in NSCLCs in the early stage reached statistical significance ([@b58-etm-0-0-8554]).

As reported by previous studies, RASSF1A, p16, SOCS-1 and NPTX2 are abnormally methylated in pancreatic cancer and are critical for the pathogenesis of this cancer type ([@b12-etm-0-0-8554]). However, in the present study, neither RASSF1A nor p16 was present in the TCGA database; thus, they were not included in the prognostic analysis. As better sequencing approaches emerge in the future, prognostic analyses will improve. In the present study, to identify the most significant genes associated with PAAD, thresholds for the screening of DEGs were set at an FDR\<0.05 and \|log~2~FC\|\>2; hence, genes in the prognostic analysis may exhibit more obvious statistical and biological significance. However, SOCS-1 and NPTX2 did not reach the thresholds of FDR\<0.05 and \|log~2~FC\|\>2.

Of note, several limitations of the present study should be considered. First, the ethnicities of the population in the TCGA database, which is from the US, are primarily Latino and Caucasian, and it is necessary to substantiate the extrapolation of the results of the present study to other ethnic groups. Second, the prognostic analyses of these 7 DNA methylation-driven genes were based on a retrospective study, so the use of these genes as biomarkers requires prospective multicenter validation. Third, further studies are required to investigate and validate the functions and molecular mechanisms of the pathogenesis and progression of PAAD with regard to these 7 DNA methylation-driven genes in *in vivo* and *in vitro* experiments.

In summary, 7 DNA methylation-driven genes were identified by a comprehensive analysis of DNA methylation and mRNA expression data from 188 clinical samples. The 7 DNA methylation-driven genes will contribute to the understanding of how pancreatic cancer occurs and develops, as well as provide novel ways to diagnose and treat pancreatic cancer.
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![Mixed models obtained from the 'MethylMix' R package for the 7 DNA methylation-driven genes. The histogram demonstrates the distribution of methylation in tumor samples (indicated by beta values where higher beta values denote higher levels of methylation). The horizontal black bar indicates the distribution of methylation values in the normal samples. The curve indicates the simulated trend curve of the methylation distribution of tumor samples. The fewer the curves, the more stable the model is. The black horizontal line indicates the methylation level distribution of the normal samples. ZNF208, zinc finger protein 208; EOMES, eomesodermin; PTGDR, prostaglandin D2 receptor; C12orf42, chromosome 12 open reading frame 42; ITGA4, integrin subunit α 4; DOCK8, dedicator of cytokinesis 8; PPP1R14D, protein phosphatase 1 regulatory inhibitor subunit 14D.](etm-19-04-2963-g00){#f1-etm-0-0-8554}

![Regression analysis between the DNA methylation and mRNA expression of the 7 DNA methylation-driven genes. The horizontal axis and vertical axis represent DNA methylation-driven gene expression and DNA methylation, respectively. Histograms of gene expression and DNA methylation are provided at the upper and right edges. Cor, correlation coefficient; ZNF208, zinc finger protein 208; EOMES, eomesodermin; PTGDR, prostaglandin D2 receptor; C12orf42, chromosome 12 open reading frame 42; ITGA4, integrin subunit α 4; DOCK8, dedicator of cytokinesis 8; PPP1R14D, protein phosphatase 1 regulatory inhibitor subunit 14D.](etm-19-04-2963-g01){#f2-etm-0-0-8554}

![ROC curves of DNA methylation-driven genes for distinguishing between pancreatic adenocarcinoma and healthy controls. The cutoff value for determining the AUC was obtained from the 'roc' function of the 'pROC' R package. The left and right values in the brackets indicate the specificity and sensitivity of the cutoff value, respectively. The ROC curves indicate the diagnostic ability of the DNA methylation-driven genes, with the x-axis and y-axis displaying the specificity and sensitivity, respectively. ROC, receiver operating characteristic; AUC, area under curve; ZNF208, zinc finger protein 208; EOMES, eomesodermin; PTGDR, prostaglandin D2 receptor; C12orf42, chromosome 12 open reading frame 42; ITGA4, integrin subunit α 4; DOCK8, dedicator of cytokinesis 8; PPP1R14D, protein phosphatase 1 regulatory inhibitor subunit 14D.](etm-19-04-2963-g02){#f3-etm-0-0-8554}

![Cumulative survival rates associated with the 6 DNA methylation-driven genes in pancreatic adenocarcinoma. The cutoff value is displayed above the survival curve. The log-rank P is displayed below the survival curve. The x-axis and y-axis display the survival time (years) and cumulative overall survival rate, respectively. ZNF208, zinc finger protein 208; EOMES, eomesodermin; PTGDR, prostaglandin D2 receptor; C12orf42, chromosome 12 open reading frame 42; ITGA4, integrin subunit α 4; PPP1R14D, protein phosphatase 1 regulatory inhibitor subunit 14D.](etm-19-04-2963-g03){#f4-etm-0-0-8554}

![Cumulative recurrence rates associated with 6 DNA methylation-driven genes in pancreatic adenocarcinoma. The cutoff value is displayed above the recurrence curve. The log-rank P is displayed below the recurrence curve. The x-axis and y-axis display the survival time (years) and cumulative tumor recurrence rate, respectively. ZNF208, zinc finger protein 208; EOMES, eomesodermin; PTGDR, prostaglandin D2 receptor; C12orf42, chromosome 12 open reading frame 42; ITGA4, integrin subunit α 4; PPP1R14D, protein phosphatase 1 regulatory inhibitor subunit 14D.](etm-19-04-2963-g04){#f5-etm-0-0-8554}

![Gene set enrichment analysis of DNA methylation-driven genes. The top five functional gene sets enriched in pancreatic adenocarcinoma samples with high levels of DNA methylation in DNA methylation-driven genes. ZNF208, zinc finger protein 208; EOMES, eomesodermin; PTGDR, prostaglandin D2 receptor; C12orf42, chromosome 12 open reading frame 42; ITGA4, integrin subunit α 4; DOCK8, dedicator of cytokinesis 8; PPP1R14D, protein phosphatase 1 regulatory inhibitor subunit 14D.](etm-19-04-2963-g05){#f6-etm-0-0-8554}

[^1]: *Abbreviations:* PAAD, pancreatic adenocarcinoma; ROC, receiver operating characteristic; TCGA, The Cancer Genome Atlas; AUC, area under the curve
